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Detection of CHJ in the O-rich planetary nebula NGC 6302
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ABSTRACT

Planetary nebulae are sites where ejected stellar material evolves into complex molecules, but the precise
physical conditions and chemical routes that govern these processes are unclear. The presence of abundant
carbon-rich molecules in O-rich environments poses particular challenges. Here we report the first detection of
methyl cation (CHJ) in any planetary nebula, observed in the O-rich nebula NGC 6302 using JWST MIRI/MRS
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observations. CHJ is a key driver of organic chemistry in UV-irradiated environments. Spatially resolved
observations reveal that CH;r is co-located with '2CO, H,, H 11, HCO™, and Polycyclic aromatic hydrocarbons
(PAHs). LTE modelling of the CHJ emission yields excitation temperatures of 500-800K in the inner bubble
and torus, rising to 1000-2000K in the outer bubble of NGC 6302, with column densities ranging from ~10'! to
10'3 cm™2. This detection demonstrates that hydrocarbon radical chemistry must be incorporated into planetary
nebulae chemical models. Further near-IR observations are crucial to map different chemical networks operating

in these environments.

Keywords: Astrochemistry (75), Circumstellar Gas (238), Planetary nebulae (1249), Small molecules (2267)

1. INTRODUCTION

As of August 2025, more than 330 molecular species have
been identified in interstellar and circumstellar environments.
A substantial subset of this inventory originates in the cir-
cumstellar envelopes of evolved stars, including stars on the
asymptotic giant branch (AGB), post-AGB stars, and plan-
etary nebulae (singular: PN; plural: PNe; B. A. McGuire
2022; M. Araki 2025). Elucidating how these molecules
form and evolve as local physical conditions change is es-
sential for constraining a wide range of astrochemical and
astrophysical processes such as star- and planet formation
and the chemical enrichment of galaxies, among others (see
A. G. G. M. Tielens 2013, for a review).

During the AGB phase, low- to intermediate-mass
(~1-8 M) stars undergo severe mass-loss with mass-loss
rates ranging from 1073 to 10™* M, yr~' (S. Hofner & H.
Olofsson 2018). These AGB outflows result in the forma-
tion of a circumstellar envelope (CSE). As the stellar gas
expands radially away from the stellar atmosphere, it cools
down, resulting in the formation of molecules and dust. The
infrared (IR) spectra of AGB stars indeed show the presence
of a rich variety of molecules. More than 90 molecules have
been detected in the CSE around carbon-rich stars, and about
27 around oxygen-rich stars (see M. Agtindez et al. 2014; L.
Decin et al. 2018; M. Agindez 2022; B. A. McGuire 2022,
and references there in). Note that the molecular species de-
tected in the CSE of AGB stars are mainly simple molecular
species, such as CO, C,;H,, HCN, CO;, H,O0, etc. Eventually,
the star progresses through the post-AGB phase and the ef-
fective temperature of the star, T.g, increases rapidly with de-
creasing stellar radii. As T 220,000K, UV radiation from
the star ionizes the hydrogen in the previously ejected ma-
terial and a PN is formed (K. B. Kwitter & R. B. C. Henry
2022). UV photons from the star can also lead to dissocia-
tion of molecules in the CSE, and not all molecules survive
the transition from the AGB to the PN phase. In fact, a sharp
drop is seen in the molecular inventory of PN compared to
that of the AGB phase (M. Agtindez 2022). Interestingly,
spectral features of larger and more complex molecules like
Polycyclic Aromatic Hydrocarbons (PAHs) and fullerenes,
such as Cgp, C70, begin to appear in the post-AGB and PN
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phase (M. Matsuura et al. 2005, 2014; N. L. J. Cox et al.
2016; J. Cami et al. 2010; Y. Zhang & S. Kwok 2011).

A key concept in the chemistry of evolved stars is that the
chemistry in the AGB outflows depends primarily on the C/O
ratio of the stellar photosphere. All stars start their lives as
oxygen-rich (C/O < 1) stars, but third dredge-up events in
low- and intermediate-mass stars (~1.5-4 My D. A. Garcia-
Herndndez et al. 2013) elevate this C/O ratio above unity
late in the AGB phase, converting the envelope to carbon-
rich. After Hy, the next molecule to form in the stellar pho-
tosphere is carbon monoxide (CO), which is a highly stable
molecule. CO locks up all the free carbon or oxygen atoms
— depending on which species is most abundant — leaving
the remaining carbon or oxygen to drive further chemistry.
Oxygen-rich stellar envelopes thus exhibit the presence of
oxides (such as H,O, SO, AIOH, etc.), and crystalline sili-
cates (R.J. Sylvester et al. 1999; J. Cami 2002; T. Posch et al.
2002; H. Kim et al. 2010; L. Decin et al. 2010; E. De Beck
et al. 2013; L. Decin et al. 2018) while carbon-rich stellar en-
velopes are characterized by the presence of hydrocarbons,
PAHs, fullerenes and amorphous dust (T. I. Hasegawa & S.
Kwok 2001; J. Cami et al. 2010; M. Agtndez et al. 2014)

However, A. A. Zijlstra et al. (1991) presented the first
evidence of mixed or dual chemistry in a PN - where the
spectrum of a young PN (IRAS 07027-7934) showed the si-
multaneous presence of strong PAH emission as well as 1.6
GHz OH maser line emission. Using observations by the In-
frared Space Observatory, more cases of dual chemistry in
PNe were reported by L. B. F. M. Waters et al. (1998a,b) and
M. Cohen et al. (2002). Furthermore, using Spitzer observa-
tions, J. V. Perea-Calderdn et al. (2009) showed that out of
26 PNe observed towards the galactic bulge, 21 showed sig-
natures of dual chemistry. A larger survey by L. Stanghellini
et al. (2012) showed that 46% of the bulge PNe and 24%
of the galactic PNe exhibit dual chemistry. It is not clear
whether this dual-chemistry phenomenon arises on the AGB
or emerges later as a result of processing during the PN
phase. Consequently, our knowledge and understanding of
the chemical pathways in late stages of stellar evolution, from
the AGB phase to PN, is incomplete. It is important to ex-
plore how the inventory of molecules is affected by the dual
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Figure 1. Three-colour composite HST image of NGC 6302, created by Matsuura et al. (2025, MNRAS, submitted) utilizing images from J. H.
Kastner et al. (2022) and B. Balick et al. (2023). This image presents a colour overlay of WFC3 observations of NGC 6302, featuring F164N
filter in blue, which traces [Fe 1] emission, F656N filter in green, which traces Ha emission, and F658N in red, which traces [N 1] emission.
The white box at the center represents the MIRI field-of-view for observations described in Sect. 2.

chemistry, and eventually, what chemical reactions can oc-
cur which are not accounted for by strictly C-rich or O-rich
chemical pathways. This can potentially provide clues to the
formation of other chemical species; for example, the forma-
tion of large carbonaceous aromatic molecules like PAHs in
an O-rich environment.

In this paper, we report the unambiguous detection of the
methyl cation (CHY) in the NGC 6302, a small but important
carbonaceous species in what is very clearly an O-rich envi-
ronment (C/0 ~ 0.5, N. J. Wright et al. 2011). While CHJ
has long been considered a key species for carbon chem-
istry in interstellar environments (J. H. Black & A. Dalgarno
1977; D. Smith 1992; A. Sternberg & A. Dalgarno 1995; E.
Herbst 2021), its first detection outside the Solar System is
a much more recent milestone. CHJ was first detected via
JWST/MIRI observations of the irradiated proplyd d203-506
in the Orion Bar by O. Berné et al. (2023). The species is
also present at much larger scales in the Orion Bar PDR (M.
Zannese et al. 2025) and in the disk of a T-Tauri star (T. Hen-
ning et al. 2024). Our detection in NGC 6302 is the first time
this species has been detected in a planetary nebula.

2. OBSERVATIONS AND DATA REDUCTION

We use the JWST MIRI/MRS observations of NGC 6302,
which were obtained as part of the JWST GO Cycle 1 pro-
gram 1742. The pointing was centred on the central re-
gion of NGC 6302 at R.A.= 17":13";44.3938%, Dec. = -
37°:067:12.36 (J2000). The observations were taken with the
MIRI Medium Resolution Spectrometer (MRS) with Integral
Field Unit (IFU) . The data was obtained for the entire MIRI
wavelength range, which is 4.9 to 27.9 um spread across 4
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channels (M. Wells et al. 2015; I. Argyriou et al. 2023). A
mosaic of 5 x 5 tiles was used to cover the central part of
NGC 6302, which includes the central star, the torus, and the
bright ionized line emitting region at the innermost region of
the bipolar outflow (see fig. 1). Four-point dithering was used
to optimize spatial and spectral sampling throughout the field
of view.

We used the development version of v1.14.0
JWST Calibration Pipeline with versions 11.17.16 and
“jwst_1202.pmap” of the Calibration Reference Data Sys-
tem (CRDS) and CRDS context, respectively. All level 1b
files were processed through DetectorlPipeline to ob-
tain level 2a (rate) images. The background exposures were
subtracted from the science exposures to get background-
subtracted level 2a files. These were then processed through
Spec2Pipeline (with residual_fringe step tuned on),
followed by Spec3Pipeline to produce spectral cube mo-
saics of NGC 6302. For details on the observations and data
reduction, we refer to Matsuura et al., 2025, MNRAS, in
press.

3. THE PLANETARY NEBULA NGC 6302

NGC 6302 is a butterfly-shaped planetary nebula, 1.03 +
0.27 kpc away from Earth (S. Gémez-Gordillo et al. 2020),
towards the constellation Scorpius. N. J. Wright et al. (2011)
constructed a 3D photoionization model of NGC 6302 and
constrained the properties of its central star. They derived
an effective temperature of 220,000K, which explains the
presence of highly ionized species such as [Mg VII] and
[SiVII]. The same study yields a stellar mass of 0.73-0.82
M, (with an initial mass of about 5.5 M), and a luminosity
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Figure 2. Left panel: The cartoon provides a schematic representation of the central region of NGC 6302. Blue and red colours indicate the
blueshift and redshift caused by the expansion of the torus and inner bubble from the Earth’s perspective. The schematic is based on the results
of M. Santander-Garcia et al. (2017) and Matsuura et al., 2025, MNRAS, in press. The line-of-sight motion of the outer bubble is not constrained
and thus is represented by arcs. Points A and B are two bright spots on CHJ integrated surface brightness map. Right panel:Integrated surface
brightness map of CHY, obtained by integrating the surface brightness over the 7.13-7.2 um wavelength range at each pixel. The green boxes
and ellipses represent the 25 apertures where we analyzed the CHJ emission in more detail. Aperture 1-22 are 2x2 pixels, which is 0726 x
0726. Apertures 23-25 are larger elliptical regions with areas of 37222, 67522, and 4//362, respectively. The cyan line represents the cut used
for making Fig. 9.
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Figure 3. The continuum-subtracted JWST/MIRI spectrum of NGC
6302 at aperture 1 shown in Fig 2 (black, offset vertically for clarity)
compared to a CHj model (red) by P. B. Changala et al. (2023)
at excitation temperature of 600 K. The H I recombination line at

7.0928 um and the He II line at 7.2036 um are labelled at the top. -5 0 5
Offset [arcsec]

of ,14’300 Lo. NGC 6302 is O-rich with C/O ~ 0.5 (N. J. Figure 4. The image represents a colour overlay of HST/WFC3 ob-
ergm et 2'11- 2011). . ) servations featuring filter F656N in blue (J. H. Kastner et al. 2022)
Optical images (see Fig. 1) reveal two lobes of luminous which traces emission from Ha, and CH} map in red.

gas, shaped like the wings of a butterfly. Its bipolar lobes
(which stretch as far as 2.1 pc) are exceptionally bright
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and exhibit a rich variety of emission lines, from the far-
ultraviolet to the mid-infrared (S. Casassus et al. 2000; W. A.
Feibelman 2001). NGC 6302 is known for exhibiting one of
the most complex morphologies seen in PNe. Optical obser-
vations (HST/WFC3) also reveal that the two lobes, which
are oriented east-west, show small-scale structures such as
clumps, tails, knots, and filaments, which seem to be in az-
imuthally organized zones. [Fe u] emission reveals jets com-
ing out from the central region in south-east and north-west
directions, forming an S-shape (J. H. Kastner et al. 2022; B.
Balick et al. 2023).

The central region of NGC 6302 comprises three major
morphological structures: the forus (sometimes referred to
as the “’central dark lane” or main ring” in previous studies),
the inner bubble (sometimes referred to as the “inner ring” in
previous studies) and the outer bubble. A schematic presen-
tation of these morphological structures is provided in Fig. 2.

The torus is massive and dense with a total (dust and gas)
mass of 0.8-3 My and size of 5700 AU (Matsuura et al.,
2025, MNRAS, in press). Itis the primary reservoir of dust in
NGC 6302. These authors point out that the torus is distorted
or warped at the edges and is filled with crystalline silicates
and other dust grains. In optical observations, the torus ap-
pears as a central dark lane that bisects the two lobes and runs
nearly north-south, orthogonal to the lobes (see Fig. 1). That
dark lane is the front part of the torus that surrounds the cen-
tral star, obscuring the star in the visible and near-IR (J. H.
Kastner et al. 2022). ALMA '2CO J=3-2 maps reveal the
torus in great detail and provide kinematic information. The
torus is non-Keplerian and is radially expanding at a velocity
of 8 km s~!. The kinematical age of the torus is estimated to
be ~5000-7500 years (N. Peretto et al. 2007; M. Santander-
Garcia et al. 2017).

The inner bubble has been observed at optical, mid-IR
and sub-mm wavelengths as it is traced by emission of sev-
eral species such as H II, Hj, 12C0O, HCO™*, PAHSs, etc (M.
Santander-Garcia et al. (2017); J. H. Kastner et al. (2022),
Matsuura et al., 2025, MNRAS, in press, Moraga Baez et al.,
2025, under review , Clark et al., in prep). The inner bubble,
which runs east-west, is peanut-shaped and is pinched where
it intersects with the previously ejected torus (Matsuura et al.,
2025, MNRAS, in press). The inner bubble is inclined ap-
proximately 60° relative to the torus, and is expanding with
a velocity of 11 km s~!. It is much younger than the torus,
with a kinematical age of ~2200 years (M. Santander-Garcia
et al. 2017). B. Balick et al. (2023) describe the sequence of
several episodes of ejection from the center of the NGC 6302
in detail.

While the torus and the inner bubble have been detected in
optical and sub-mm observations before, JWST MIRI obser-
vations by Matsuura et al., 2025, MNRAS, in press revealed
two arcs outside the inner bubble, towards the southeast and
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northwest, inclined with respect to both the inner bubble and
the torus (see Fig. 2). Those arcs constitute the outer bubble,
which is bright in H, and PAH emission. (Matsuura et al.,
2025, MNRAS, in press, Clark et al., in prep).

4. CH; EMISSION IN NGC 6302

The JWST/MIRI observations of the central region of
NGC 6302 reveal the characteristic CH} emission band in the
7.13-7.20um range (see Fig. 3) and show that the emission
is spatially extended and resolved across distinct regions.

4.1. The spatial distribution of CH;

To reveal the spatial distribution of CHY, we integrated the
surface brightness over the wavelength range 7.13-7.20 um
after continuum subtraction for each spatial pixel in the MIRI
field of view. We restricted the integration to these wave-
lengths to avoid contributions from other species. An ex-
ample of the adopted continuum is shown in Appendix A,
and the resulting map of the integrated surface brightness is
shown in Fig. 2. The map shows bright CHJ emission along
the inner bubble’s edge (east-west orientation) and the torus
(north-south orientation). Although not visible on the map,
we found that CHJ is also present in the outer bubble (see
below), but the column densities are too low to be visible in
the integrated surface brightness map. To guide the reader
and facilitate spatial comparison, we compared the CHJ map
to the HST/WFC3 image (through the F656N filter; see J. H.
Kastner et al. 2022), which traces Ha emission, in Fig. 4.
Note that the CHJ emission along the torus overlaps with
what appears as a central dark lane in the He observations.

To better understand what drives the CH;r emission, we
investigate its spectroscopic characteristics and spatial vari-
ations using defined apertures rather than individual pix-
els to achieve better signal-to-noise (S/N) ratios.We selected
25 apertures to sample all distinct regions with CHJ emis-
sion along the torus, inner bubble, and outer bubble (see
Fig. 2). Apertures 1-22 use 2x2 pixel areas, each covering
0726x0726 given the 0”13 pixel scale in channel 1c. Aper-
tures 23-25 are larger elliptical regions (with areas 377222,
67522, and 47367 respectively) to achieve adequate S/N for
the weaker CHJ emission in the outer bubble. These aper-
tures were positioned to cover the outer bubble arc structure
as guided by the H, map (see Appendix B). The aperture dis-
tribution is as follows: apertures 1-2 cover the intersection of
the inner bubble and torus; apertures 3-6 and 7-11 trace the
west and east edges of the inner bubble, respectively; aper-
ture 12 lies north of the intersection point; apertures 13-15
trace the north rear side of the torus; apertures 16-20 and 21-
22 trace the front and rear edges of the torus, respectively;
and apertures 23-25 sample the outer bubble’s northwest arc
and south-southwest region.
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Figure 5. Model spectra of CH} at 500, 1000, 1500 and 2000 K.
Bands at 7.15 and 7.2 um are highlighted in blue and red, respec-
tively.

4.2. Spectroscopic analysis of the CHY emission

CHJ has a trigonal planar geometry (D3, point group) and
it lacks a permanent dipole moment. Because of that, it
cannot be observed at radio wavelengths. However, it can
be detected via ro-vibrational transitions at infrared wave-
lengths. CHY has symmetric (v1) and degenerate asymmetric
(v3) stretching modes at around 3 um (~3100 cm™'), an out-
of-plane umbrella bending mode (v,) and a degenerate in-
plane (v4) bending mode at 7.2 um (~1400 cm™'; J. Meisner
et al. 2019; P. B. Changala et al. 2023). Coriolis interactions
between the v, and v4 bands (also referred to as v,/v4 dyad)
result in a characteristic pattern of ro-vibrational lines that
occur in the 7.15-7.2 ym range.
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of excitation temperature of CHj. Black points represent the
1(7.15 pum)/1(7.2 um) found in the model spectra for a given exci-
tation temperature. A five-degree polynomial fit to those points is
represented by the red curve. The polynomial is given by Eq. 1
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Figure 7. CH} excitation temperature derived for the 25 selected
apertures. Teal points represent the I(7.15 um)/I(7.2 yum) band
found in the observed extracted spectra. The corresponding tem-
peratures (as described by Eq. 1) are shown on the y-axis on the
right. Purple points represent the best-fit temperature derived from
fitting models to the observations.

We compare the observations to the CH} model devel-
oped by P. B. Changala et al. (2023) using the latest and
most detailed rovibrational assignments of the CHJ feature
based on theoretical and experimental studies. They per-
formed detailed quantum mechanical calculations to derive
spectroscopic constants (for the v,/v4 dyad) such as rotational
constants, coriolis coupling constant, centrifugal distortion
constants, etc., in the vibronic ground state of CH;’. These
constants were then validated by two different experimental
methods. We use the PGOPHER (a general-purpose software
for simulating electronic, vibrational and rotational spectra;
C. M. Western 2017) file provided by (P. B. Changala et al.
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2023) to compute the CH3 model spectrum that can be com-
pared to the observations at 7.2 um at JWST’s resolution.
Note that the models assume a thermal distribution across
rotational levels at v=1 level. We used PGOPHER to calculate
CH} models spanning the temperature range from 100 K to
3000 K in steps of 50 K, where the spectrum is convolved
the with a Gaussian adopting a full width half maximum
(FWHM) of 0.37 cm™!, corresponding to the JWST resolv-
ing power of R = 3600 at 7.2 um (channel 1c; see 1. Argyriou
et al. 2023). We exported the models in the units of Watts per
molecule.

Fig. 5 shows how the Q-branch of the CH] model spectrum
changes as a function of excitation temperature. At JWST’s
resolution, overlapping Q-branch lines cause a bump to ap-
pear. Note that the strength of different bands peaks at dif-
ferent temperatures based on the rotational levels of the tran-
sitions involved. For example, the strength of the 7.15 um
band is lower than that of the 7.2 um band at lower temper-
atures. However, at temperatures above 1000K, the opposite
is true. The intensity ratio of the 7.15 ym band (shaded blue
in Fig. 5) to the 7.20 um line (shaded red) is very small (<1)
at low temperatures, ~1 at about 1300 K and much higher
(>1) at high temperatures. This band ratio is thus a sensitive
diagnostic of the CHJ excitation temperature.

We will use this as a first estimate to determine the ex-
citation temperature in the selected apertures, a diagnostic
first used by M. Zannese et al. (2025) for the analysis of
CHJ emission in Orion Bar PDR. We fit a gaussian with a
linear baseline to the 7.15 um (7.147 - 7.151 um) band and
7.20 um (7.195 - 7.199 um) band, for both models and ob-
servations. The ratio of I(7.15 um)/I(7.2 um) derived from
the model spectra versus excitation temperature is shown in
Fig. 6, which exhibits the behaviour described above. This
ratio should change gradually as a function of temperature,
and to obtain a continuous form of this function, we fitted
a polynomial to the data points. We found that a fifth-order
polynomial fits the individual points well (see Fig. 6) using
the following coefficients:

T(x) = 1883x° —7260x* + 10640x> — 6956x° +2941x +159.6
ey

where x is the band ratio. We can then use this polyno-
mial to determine the excitation temperature using measured
band ratios in the observational spectra. For each of the 25
apertures, we applied the same fitting procedure to the 7.15
um and 7.20 pm bands as done for the models. These fits are
shown in Appendix C, and the intensity and uncertainties on
the bands and the band ratios are listed in Table 1. The uncer-
tainties in the observations determine uncertainties in the in-
tensity. The teal points in Fig. 7 show the band ratio and tem-
peratures derived for each aperture based on Eq. 1. All aper-
tures exhibit excitation temperatures of 500-1000 K (band
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ratios of 0.15-0.80). While the reported uncertainties pri-
marily reflect random errors, systematic effects—especially
those introduced by the linear baseline fit—are harder to
quantify and could artificially increase or decrease the band
ratios in certain apertures.

We can also determine the excitation temperatures by di-
rectly fitting model spectra to the continuum-subtracted spec-
tra, with the temperature and column density of CHJ as
free parameters. We used the continuum-subtracted flux (in
W m~2 um™") in the range of 7.13-7.199 um to fit models to
observations. We used the Imfit (M. Newville et al. 2014)
python package, adopting a Levenberg-Marquardt algorithm
to determine temperatures and column densities; the excita-
tion temperatures, however, were constrained on a grid with
values between 100 K and 3000 K in steps of 50 K. We also
allowed for small wavelength shifts (~ £0.0015 um) during
fitting to account for radial velocity corrections. Appendix D
shows the resulting best fits for all 25 apertures, and the re-
sulting best fit parameters are listed in Table 1. Parameter
uncertainties presented in Table 1 denote 1o confidence in-
tervals, obtained from the projections of the Ay? = 1 contour
on the y? surface. The models generally reproduce the ob-
servations extremely well, leaving only very small residuals
in this wavelength range. We find that the excitation tem-
perature is in the range of 500-800K for apertures 1-22 and
temperature 1000-2000K for apertures 23-25; these are rep-
resented by purple points in Fig 7.

Although no clear patterns exist in excitation temperature
variations across the inner bubble and torus, the outer bub-
ble exhibits significantly higher temperatures (1000-2000
K) compared to 500-800 K elsewhere. The column den-
sities (Table 1) are typically a few times 10'> cm™2, rang-
ing about two orders of magnitude from the lowest (aperture
23) to highest (aperture 1) values. The highest column den-
sity is seen where the inner bubble runs into the rear side of
the torus. These column densities are however, not an ac-
curate representation of the total CHJ column density: as
was pointed out by O. Berné et al. (2023) and M. Zannese
et al. (2025) since the CH} emission originates from chem-
ical pumping and consequently, the excitation of the vibra-
tional levels is far from LTE.

5. DISCUSSION
5.1. Formation of CH; in NGC 6302

The detection of CH} in NGC 6302 was surprising at first
because this is an O-rich PN where most carbon is locked up
in CO, making carbon chemistry unlikely. However, intense
UV radiation from the central star fundamentally changes
this scenario by providing two key ingredients required for
the formation of CH3: C* ions and vibrationally excited H,.
C* reacts with the vibrationally excited H; to form CH*, fol-
lowed by two successive exothermic hydrogen abstraction



433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

BHATT ET AL.

Table 1. The excitation temperature, column density and wavelength shift for each of the 25 apertures from Fig. 2.

Aperture | I;;s 0 Iy o Ratioxo T4 b N xoy wavelength shift
[107'] [107'] [107'] [K] (K] (10" cm™] (107 um]
1 83+13 264+13 3.1+x05 660*3 550% 13.3+0.2 -1.02 +0.03
2 72+12 266+12 27+05 620*40 550*9, 114+0.2 —0.97 £ 0.04
3 40+£09 11.2+09 3.6+0.38 700+7 550*39 38+02 —-0.84 +0.09
4 55+1.1 160+1.1 35+038 690*70 6507100 20=+0.1 -1.17+0.1
5 43+13 118+13 37+12 710%% 600+ 54+0.1 -1.18 £ 0.05
6 89+12 11.7x12 77+12 111073 | 550%3° 5.8+0.2 -1.19 £ 0.06
7 6.7+£09 151+09 44+0.7 770*8 550%) 6.9 +0.1 -1.16 £ 0.04
8 14+09 86+09 1.6+10 49072 550+ 45+0.1 —-1.19 £ 0.06
9 3510 123+1.0 2809 63070 550*39 4.1+02 -1.12+0.1
10 77+12 177+12 43+038 770*70 500*3 58+02 -1.12 £ 0.06
11 48+1.0 6110 79+20 1140*%) | 550*3 33+0.2 -09+0.1
12 00+17 13717 00x12 160*%9 600*3 5.7+0.1 -1.01 £0.05
13 8.0£09 11.6+09 69+1.0 1020710 | 550* 54+0.1 —0.95 £ 0.05
14 3706 10406 3.6+06 70073 550+3° 45+0.1 -1.1+£0.07
15 23£09 5409 4319 76055 | 8501% 1.0+ 0.1 -0.74 £ 0.13
16 10.1+£09 125+09 8.0+09 11502 | 550+ 4.6+02 -1.14 £ 0.07
17 42407  41+07 102+26 1430*350 | 7007100 1.4 +0.1 -1.13+0.12
18 3412 13.6+12 25+09 60079 550*39 47+0.2 -1.25 +0.07
19 17+07 42£07 39+17 730°1% 700*9, 1.8 +0.1 -1.34 £ 0.09
20 5408 8.6x08 63x11 9607130 600*3 22+0.1 —-1.16 £ 0.08
21 32+0.7 108+0.7 3.0+0.7 650*59 600*) 4.8+0.1 —-0.81 £ 0.05
22 46+09 135+09 3407 680" 550+ 4.8 +0.1 —-0.85 +0.05
23 07+02 14+02 5421 870"30 | 100073  02+0.0 -0.96 +0.11
24 1.0+£04 14+04 7.0+33 1030%0 | 1750733 04 +0.0 -1.05+0.1
25 09+05 20+05 4425 78030 | 2050730 0.4 +0.0 -1.05+0.11

9Band ratio method

bModel fitting

reactions to produce CH;r (O. Berné et al. 2023; M. Zan-
nese et al. 2025). The UV radiation plays a crucial role be-
cause it dissociates and photoionizes CO, thereby providing
C*. Moreover, in such environments, the energy barrier of
the CH" step (=0.40eV or ~4640K ) is overcome by FUV-
pumped H,, which leaves H; in a vibrationally excited state
(M. Agundez et al. 2010; Z. Nagy et al. 2013; B. Godard &
J. Cernicharo 2013). CH" and CHJ form in a vibrationally
excited state and then relax radiatively. This excitation mech-
anism is called chemical (formation) pumping, and the ob-
served emission thus traces the newly formed CH* and CHJ.

Our observations confirm this formation pathway in
NGC 6302 through spatial comparison of '2CO, H, and CH;.
Fig. 8 shows that '>CO and H, are indeed present where CH3
emission is detected i.e. where CHJ is formed. CHJ and
12CO are also present in the outer bubble, but as mentioned
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above, their column densities are too low to be visible in the
integrated surface brightness map. Since the vibrationally ex-
cited H; lines detected with JWST/MIRI data have very low
S/N, their spatial distribution has large uncertainties for com-
parison with CHJ distribution. We therefore use the H, 0-0
S(5) line (at 6.908 um) as a tracer for the H, distribution.
Fig. 9 shows the normalized surface brightness profile of
these species along the cut indicated in Fig. 2, zoomed in to
show the east and west edges of the bubble. On the east edge,
CHj, 12CO and H; show peaks in the surface brightness pro-
files at the same distance from the star, with CH;’ and H,
having very similar profiles. The west edge shows a very dif-
ferent distribution, likely because of projection effects. No-
tably, CHJ exhibits the sharpest rise and fall at the inner bub-
ble edge compared to other species, including H,. This could
indicate where FUV-pumped H; (v>0) is available; however,
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Figure 8. Comparision of the integrated surface brightness maps of CHZ, H, and 'CO. (a)"*CO (2-1, 230GHz, by Moraga Baez et al., 2025,
under review ). (b) Two colour composite image: CHJ (red) and 12CO (cyan). (¢) H, 0-0 S5 at 6.908 um (d) Two colour composite image:
CHJ (red) and 12CO (cyan). Locations marked by A and B represent the two bright spots on CH; map. The maps are centred at the central star
(R.A.= 17":13;44.488 + 0.004°, Dec. = -37°:06":11.76 + 0.03’) whose position is indicated by the yellow circle at the center.

NIRSpec observations of vibrationally excited H, lines are
needed for confirmation. Alternatively, this may reflect the
influence of fast winds or energetic shocks that formed the
inner bubble (Matsuura et al., 2025, MNRAS, in press), con-
fining CHJ formation to a narrow region along the edge.
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5.2. Spatial variations in CHY emission

CHJ emission shows significant spatial variations in col-
umn density across NGC 6302. The most prominent features
are two bright spots, Points A and B, which exhibit simi-
lar temperatures to other regions but significantly higher col-
umn densities (See Fig. 2). This enhancement occurs where
the inner bubble runs into the torus, giving the inner bubble
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Figure 9. Normalized surface brightness profiles of CH?, H,, PAH 6.2 um (by Clark et al., in prep), CO and HCO* (by Moraga Baez et al.,
2025, under review ) along the cut. Offset is measured in arcsec from the position of the central star (R.A.= 17":13™;44.488 + 0.004°, Dec. =

-37°:06":11.76 + 0.03").

its characteristic peanut shape and creating regions of higher
gas density. Point A (region around apertures 1,2, and 12),
exhibiting the brightest CHY emission, is located at the in-
tersection of the inner bubble with the rear side of the torus.
A corresponding bright feature is not observed where the in-
ner bubble intersects the front side because of the extinction
by the dust in the torus. However, enhanced emission is de-
tected in both the east (aperture 7) and west (apertures 5 and
6) of this intersection, potentially tracing redirected material
emerging from the intersection. This spot on the west is des-
ignated point B. Apart from higher gas density, secondary
factors may also contribute to enhanced formation rates. For
example, at point A, the H I emission is several times brighter
than the surrounding regions, suggesting higher UV flux, and
point B coincides with a brighter H, emission that could
boost CHJ production.

In contrast, the outer bubble shows column densities an or-
der of magnitude lower than typical values in the inner bubble
and the torus and two orders of magnitude lower than point
A. This is likely due to the lower column density of CO in the
outer bubble. Interestingly, the CHJ excitation temperature
is significantly higher in the outer bubble (1000-2000K) than
what is found in the inner bubble and torus (500-800K). The
chemical pumping model by M. Zannese et al. (2025) shows
that higher excitation temperature of CH* results from en-
hanced H; level population densities, which occur when H,
is more efficiently FUV-pumped to higher vibrational states.
Similarly, hotter CHJ can form if the H, involved in hydro-
gen abstraction reactions is vibrationally excited to higher
levels. This indicates that the outer bubble is less shielded
than the inner structures.
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5.3. Chemistry initiated by CH}

The main takeaway from the CHJ detection in NGC 6302
is recognizing that hydrocarbon radical chemistry, previously
overlooked in oxygen-rich environments, should be incorpo-
rated into planetary nebula chemical models. CHJ drives
gas-phase carbon chemistry through exothermic ion-neutral
reactions, with models showing it can facilitate the forma-
tion of numerous species, including CN, HCN, CH,CO*,
CH;0H, H,CO, C,HsOH, CH3;0CH3, H,CN™, etc. (see Flg
2 by D. Smith (1992) for the summary of the chemical net-
work initiated by CHY).

Spatial coincidences in NGC 6302 suggest potential con-
nections between CHJ and other observed species that war-
rant consideration in chemical models. CHJ is spatially
coincident with HCO* along the inner and outer bubble
edges (see Fig. 10), consistent with the exothermic reac-
tion CH + O — HCO* + H, (G. B. L. Scott et al. 2000).
The co-location of CH; with PAHs (see Fig. 11) raises the
question whether CH* or CHJ might initiate chemistry rel-
evant to PAH formation. M. Agtindez et al. (2008) reported
that strong FUV/X-ray radiation can efficiently drive carbon
chemistry in dense O-rich gas where CH* and CH} can fur-
ther react with e~, C, and H, to form C,H,, which can then
initiate the chemistry leading to aromatic species like PAHs
if activation energies are overcome. Since PAH emission
is widespread in NGC 6302’s central region—including the
torus, inner and outer bubbles where CH;r is detected—the
role of CHJ in the bottom-up PAH formation sequence
should be investigated.
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Figure 10. HCO* map (by Moraga Baez et al., 2025, under review ) is shown in blue on the left and an overlay of CHJ map is shown
in red on the right. Locations marked by A and B represent the two bright spots on CH] map. The maps are centred at the central star
(RA=17:13:44.488+0.004, dec=-37:06:11.76+0.03) whose position is indicated by the white circle at the center.
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Figure 11. The PAH map (by Clark et al., in prep) here on the left shows the integrated intensity of the 6.2 um feature (integrated over the
6.12-6.5 um range after continuum subtraction). A comparison with CHJ map is shown on the right. Locations marked by A and B represent
the two bright spots on CHJ map. The maps are centred at the central star (R.A.= 17":13";44.488 + 0.004°, Dec. = -37°:06":11.76 + 0.03")

whose position is indicated by the white circle at the center.

6. SUMMARY & CONCLUSIONS s marking the first identification of this key organic precursor
st in such an environment. We investigated the nature of the

We report the detection of methyl cation (CHY) in JWST- - i A ) .
542 CH; emission and its relation to other species such as “CO,

MIRI observations of the O-rich planetary nebula NGC 6302,
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H,, PAHs and HCO*. We fit the observed CH;r emission
with LTE models to derive excitation temperature and col-
umn density. Model fits reproduce the CH emission very
well, yielding excitation temperatures of 500-800K in the in-
ner bubble and the torus, significantly higher excitation tem-
perature of 1000-2000K in the outer bubble. Column den-
sities of CHJ in the excited state are typically ~10"2 cm™2
ranging from ~10'" cm~2 in the outer bubble to ~10'* cm™2
where the inner bubble runs into the torus. These measure-
ments represent only a fraction of the total population due
to non-LTE chemical pumping. The spatial coincidence of
CHJ with 12CO and H, supports its formation via chemical
pumping in the UV-irradiated O-rich gas.

The presence of CHJ in this O-rich PN highlights the car-
bon chemistry at play in O-rich environments under strong
UV irradiation. These results indicate that hydrocarbon rad-
ical chemistry must be incorporated into chemical models
of PNe. Further observations at comparable spatial resolu-
tion, particularly in the near-IR (which is rich in molecular
features), are essential to unravel the different chemical net-
works involved in this chemistry.
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APPENDIX

A. CONTINUUM

An example of the continuum adopted for fitting the CHJ
spectral features is shown in Fig. 12.

B. H, MAP WITH APERTURES

The 25 apertures used to sample the CHY emission across
distinct regions are plotted on the H, map in Fig. 13.

C. BAND RATIO METHOD

The best-fit Gaussians to the 7.15 um and 7.2 um bands
for all 25 apertures are shown in Figs. 14 and 15, respec-
tively. These are used to determine the excitation temperature
of CHJ using the band ratio method as described in Sec. 4.

3300

—— Observed
—— Continuum

3000

el

=

o

=}
I

Intensity (MJy/sr)

n
B
o
=1
1

Wavelength (um)

Figure 12. JWST MIRI spectrum at aperture 1 (in black). The red
line provides an example of the continuum adopted to fit the models
to the observations.
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Figure 13. Integrated surface brightness map of H, 0-0 S(5) line at
6.908 um, The green boxes and ellipses represent the 25 apertures
used to study CH emission in detail.

D. FIT RESULTS

The best-fit models for determining CHJ temperature and
column density in all 25 apertures are shown in Fig. 16. See
Sec. 4 for details on the fitting procedure.

13
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Figure 14. Gaussian fits to the 7.15 band used for the band ratio method to determine the temperature. The integrated surface brightness
value at each aperture is listed in Table 1.



DETECTION OF CH;r IN THE O-RICH PLANETARY NEBULA NGC 6302

Aperture 1 Aperture 2 600 Aperture 3 Aperture 4

1000 400

1000

200
500

f O

500F a : of
: - or r
r of 3 _200F
0-....|....|....|.. :....l....l....l.._200-_....|....|....|.. 200'....|....|....|..
7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21
Aperture 5 Aperture 6 Aperture 7 Aperture 8
600 600 750F
400 400 500
200 200} 250F
0 of of 3
-20 P B B EES R :....l....l....l.. E....|....|....|..—200-—....|....|....|..
5).18 7.19 7.20 7.21 0?.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21
Aperture 9 Aperture 10 Aperture 11 Aperture 12

N »
o o
o o o

=

——

o e

—_ —200

— PR S T T S S SR S S ST ST S S T USRS T NS S S S T S S B S PR T S SR SR SR S N ST ST S T M USRS T NS S S S T S S B S
IL 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21
n Aperture 13 Aperture 14 Aperture 15 Aperture 16

> [ 600 400F 600

E‘ 600 [

 a00f 400 ! 400

wn W

0 L

@ 200F 200 200F

= [ N L

e oF oF 0-_

(@)] N r L
5—200;....|....|....|.._200'_....|....|....|.._200....|....|....|.. T B B
) 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21
g Aperture 17 Aperture 18 Aperture 19 Aperture 20

= 400

=}

V2] 200

200

N » )}
o o o
o o o o

a L 0
~200F ~200}
PEPEEERI RSP B SRS SE B PR BRI B SESS B '....|....|....|.._200....|....|....|..
7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21
Aperture 21 Aperture 22 Aperture 23 Aperture 24
600 3 E
600 200¢ 200F
400 L o
400 100:— 100F
: 200 N_\J\A/\W ’\’/\NA/\N\
200F ¥ or oF
N o L E
ofF C —100¢ -100F
_2 :....I....I....I.._200-_....I....I....I.._200:—....I....I....I.. S N N T
0?.18 7.19 7.20 7.21 7.18 7.19 7.20 7.21 7.1 7.19 7.20 7.21 7.18 7.19 7.20 7.21
Aperture 25
200F
100f
OM\/"\
—-100F

7.18 7.19 7.20 7.21

Wavelength (um)

Figure 15. Gaussian fits to the 7.2 band used for the band ratio method to determine the temperature. The integrated surface brightness value
at each aperture is listed in Table 1.
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